INTRODUCTION
It is well known that, during the radical copolymerisation of oligomethacrylates with vinyl monomers, the conversion of double bonds of the comonomers normally does not reach 100% on account of glass transition of the reaction medium and the kinetic conditions of the process [1, 2] . The residual non-saturation is a serious problem in polymerisation forming technology, since the slow postpolymerisation and oxidation of residual C=C bonds may lead to instability of physicochemical characteristics of the polymeric materials produced, and the evaporation of unreacted monomers may lead to pollution of the surrounding medium. In view of this, an urgent task is the development of methods for determining the content of vinyl monomer and methacrylic groups of the oligomer in the crosslinked copolymer and for monitoring their reduction under the influence of high-temperature annealing, radiation, and other factors. It must be pointed out that the use for these purposes of methods of ozonolysis, bromination, and densitometry, which are employed in analysis of the residual non-saturation in crosslinked polyester acrylates [3] , is ineffective, since this allows only the total content of C=C bonds to be estimated.
In the present work, the IR spectroscopy method is proposed for separate determination of the conversions of C=C bonds of different types in copolymers of oligodimethacrylates with styrene. The choice of materials for investigation was governed by the fact that these copolymers have long attracted the attention of researchers in connection with the production of optical materials [4] and composites of military and civil designation [2] . The new wave of interest in processes of copolymerisation of oligodimethacrylates with styrene is also connected with the search for possible ways of controlling the process of three-dimensional radical copolymerisation using polymer chain growth controllers -catalytic chain transfer agents and "live" radical polymerisation agents [5, 6] .
PRINCIPLES OF METHOD
To determine the content of residual vinyl monomer in homopolymers, use can be made of any of the IR absorption bands relating to vibrations of the HC=CH 2 group. The literature contains examples of the use of bands of stretching vibrations of ν(C=C) and ν(C-H) and deformation vibrations of angles δ(HC=CH 2 ) for determining the depth of transformation of double bonds in the radical homopolymerisation of dimethacrylates [7, 8] and styrene [9] . Here, it was established that the parameters of these absorption bands (frequencies, coefficients of extinction, and band shape) hardly change with change in the composition of the reaction medium [10] , and the change in optical density at the absorption band peak can be taken as a measure of the conversion [1, 9] .
In the case of copolymerisation, where there is the problem of separate determination of the content of two unreacted groups of different types, the key criterion for selection of the analytical absorption bands becomes their minimum overlapping in the spectrum. To find absorption bands satisfying this condition in styrenedimethacrylate composites, an investigation was made of the IR spectra of blends of styrene with ethylene glycol dimethacrylate (EGDM) and triethylene glycol dimethacrylate (TEGDMA) of different composition. IR spectra were recorded on a Specord IR75 spectrophotometer between NaCl plates.
According to the data obtained, the frequencies of stretching vibrations ν(C=C) and ν(C-H) of vinyl groups in styrene and in dimethacrylates have similar values, and the absorption bands corresponding to them overlap greatly, which makes it difficult for them to be used for analytical purposes. At the same time, the frequencies of deformation vibrations of hydrogen atoms of vinyl groups in styrene (907, 780 cm -1 ) and in EGDMA (945, 812 cm -1 ) differ considerably, and the absorption bands corresponding to them hardly overlap (Figure 1, curve 1) . The dependence of the optical density of these bands on the composition of the styrene-dimethacrylate blends is linear in nature, which indicates the fulfilment of the Lambert-Beer law and that in the systems investigated the intermolecular interactions have no significant influence on the reactivity of the vinyl groups.
From Figure 1 it can be seen that the intensity of all absorption bands relating to vibrations of δ(HC=CH 2 ) of methacrylic groups and styrene decreases over the course of copolymerisation, reaching a constant value characterising the residual non-saturation of the copolymer under the given conditions of its formation (curve 2). Here, it must be pointed out that, during copolymerisation, along with a decrease in the intensity of the 780 cm -1 band, a new absorption band is formed at 756 cm -1 , relating to vibrations of the polymer. At advanced stages of the reaction, the wing of this band may make a considerable contribution to the optical density at the peak of the 780 cm -1 band. This contribution should be taken into account by drawing a corresponding baseline. A comparison of curves 2 and 3 in Figure 1 indicates that the high-temperature annealing of the copolymer obtained makes it possible to reduce considerably the residual nonsaturation, bringing the styrene content practically to 0%, and the content of methacrylic groups to ~10%.
Of importance for analysis of non-saturation is the 700 cm -1 band relating to deformation vibrations of the C-H bonds of the benzene ring. The conducted investigations showed that the intensity of this band remains unchanged for the entire duration of copolymerisation and subsequent annealing. This makes it possible to use this band as an internal standard in the quantitative analysis of residual non-saturation, and also to discover facts concerning the decrease in the styrene content of the specimen owing to its evaporation.
For quantitative assessment of the non-saturation in copolymers of dimethacrylates with styrene, it is important that the dependences of the optical density ratios of the bands D 907 /D 700 and D 812 /D 700 on the conversion for any compositions are linear in nature (Figure 3 ). This indicates that the coefficients of extinction of the analytical absorption bands hardly depend on the composition of the reaction medium, and the Lambert-Beer law is fulfilled for the entire duration of copolymerisation. With this taken into account, the non-saturation of the copolymers formed can be determined by two different methods.
The first method proposes the determination of the conversion of double bonds in situ by carrying out copolymerisation in the heated dish of a spectrophotometer with periodic recording of spectra until almost complete cessation of the reaction at the selected test temperature. Here, the actual conversion of double bonds is estimated by means of the equation
where D 0 is the optical density of the analytical band at the instant of the start of the reaction, and D t is the optical density of the analytical band at instant of time t. As a result, kinetic curves of the consumption of styrene and methacrylic groups C(t) during copolymerisation can be plotted (Figure 2) , and the residual non-saturation of the copolymer can be determined. Figure 2 indicates that the content of residual methacrylic groups decreases appreciably on switching from EGDMA to TEGDMA. This indicates that the short oligomeric block of EGDMA significantly limits the mobility and lowers the effective reactivity of suspended methacrylic groups by comparison with the longer oligomeric block of TEGDMA.
A second method was developed for determining the non-saturation of copolymer specimens produced in reactors of arbitrary type. It is based on the internal standard method and involves the taking of IR spectra only of the initial monomer-oligomer blend and the copolymer formed. In this case, the conversion of double bonds is calculated by means of the formula
where D a is the optical density of the analytical band of styrene and the methacrylic group, and D 700 is the optical density of the band of the internal standard. Subscripts p and m relate to the polymer and monomer respectively.
It must be pointed out that, in the case of the homopolymerisation of styrene, it is not only the monomer conversion that can be determined using the internal standard method. For example, from the optical density ratio of polymer chain end groups to the 700 cm -1 band it is possible to estimate the average degree of polymerisation, and from the relative reduction in the optical density of the absorption bands of the initiator to the 700 cm -1 band it is possible to measure the kinetics of initiator decomposition.
Approval of the second variant of the procedure was carried out on specimens of EGDMA-styrene copolymers produced by radical polymerisation of blends of different composition in the presence of initiators (ABN and PB) at 60 and 70°C respectively. Polymerisation was carried out in glass ampoules in the cell of a DAK-1-1 isothermal calorimeter. The reaction was deemed to have ended when heat release ceased. To take IR spectra, part of the copolymer produced was used to prepare pellets by dispersion of the specimen in KBr and subsequent pressing of pellets. The remaining copolymer was subjected to high-temperature stepped annealing in the range 70-120°C, and, likewise, pellets of KBr were made. The conversion of double bonds in the copolymers was determined by means of formula (2) . The data obtained are given in Table 1 , where the figures in brackets relate to annealed specimens.
From the data presented in Table 1 it follows that the annealing of copolymer specimens of different composition leads to a considerable increase in the conversion both of the styrene and of the methacrylic groups of EGDMA. This indicates that the kinetic conditions of copolymerisation, manifested in the levelling of the dependences C(t) in Figure 2 , are governed by glass transition of the reaction medium. The rise in temperature leads to unfreezing of the mobility of the suspended methacrylic groups and unreacted molecules of styrene and EGDMA that are fixed in the polymer matrix, and to continuation of copolymerisation until the copolymer formed again passes into the glassy state. In this case the difference in conversions of double bonds before and after annealing can be used to characterise the mobility of the threedimensional structure of the copolymer.
COMPARISON OF IR SPECTROSCOPY AND CALORIMETRY DATA ON THE CONVERSION OF C=C BONDS IN SPECIMENS OF COPOLYMERS OF EGDMA WITH STYRENE
On the basis of IR spectroscopy data on the conversion of methacrylic groups, C 1 , and styrene, C 2 , it is easy to determine the total conversion of double bonds during copolymerisation by means of the formula
where M 1 0 and M 2 0 are the content (in mole fractions) of dimethacrylate and styrene in the initial monomer blend. This makes it possible to compare data of direct IR spectroscopy with data of other methods for determining the conversion -calorimetry, dilatometry, density measurement of the copolymers formed.
Let us compare data on the extent of processes of copolymerisation of styrene with dimethacrylates that were obtained by IR spectroscopy and calorimetry ( Table 1) . To estimate the total conversion of double bonds, use was made of the expression [3] . where Q is the average heat of polymerisation, calculated by an additive scheme using the specific heats of polymerisation of styrene (17.4 × 10 3 kcal/mol) and methyl methacrylate (14.05 × 10 3 kcal/mol), q is the rate of heat release during polymerisation (kcal/l s), M 0 is the initial monomer concentration, and t is the time.
The approximate nature of calorimetry estimates of conversions must be pointed out. This is due to the fact that the heat of three-dimensional copolymerisation may be contributed to, as well as by the chemical reaction of double bond opening, by conformational differences in the crosslinked copolymer from the linear analogue and by shrinkage stresses [5, 11] . Furthermore, calculation of Q by an additive scheme takes no account of the known fact, from studies of the linear copolymerisation of styrene and MMA, that the heat of formation of bonds in heterodyads M 1 M 2 is different from the heat of formation of dyads M 1 M 1 and M 2 M 2 [12, 13] . Unfortunately, taking this into account in the case of three-dimensional copolymerisation is not simple, since a remaining unknown quantity is the dyad composition of the chains formed, which is difficult to determine experimentally and impossible to calculate theoretically on account of the fact that the copolymerisation constants r 1 and r 2 of the comonomers in three-dimensional copolymerisation are effective in nature, and the composition of the polymer chains is often determined by the inhomogeneous distribution of the reactants [1] . Good agreement of the conversion values calculated by IR spectroscopy and calorimetry (Table 1) indicates that unaccounted for factors either make no contribution to the thermodynamics of copolymerisation of the specific systems investigated under the given conditions or comprensate for each other.
The results obtained indicate that the IR spectroscopy method proposed for determining the conversion of double bonds (and, accordingly, the residual non-saturation) makes it possible to solve not only the application problems pointed out in the introduction section but also, combined with other methods, to broaden the experimental base for investigating features of structure formation of threedimensional copolymers.
DETERMINATION OF THE CONVERSION OF C=C BONDS UNDER CONDITIONS OF CONTROLLED COPOLYMERISATION
Intense efforts have recently been made to find methods for controlling processes of three-dimensional radical copolymerisation and the structure and properties of the copolymers formed. There are indications that, by varying the initiator concentration and using inhibitors and catalytic chain transfer agents, it is possible to influence the microheterogeneity of the copolymer formed and to modify the molecular structure of the network [5, [14] [15] [16] [17] . In an investigation of double bond conversion in processes of the copolymerisation of EGDMA with styrene in the presence of a catalytic chain transfer agent, tetramethyl hematoporphyrin IX (TMHP), and a "live" radical polymerisation agent, alkoxyamine synthesised in situ on the basis of PB and 2,2′,6,6′-tetramethylpiperidine-1-oxide (TEMPO) [6, 18] , it was found that complication of the mechanism of the reaction on account of additional stages of catalytic chain transfer or reversible inhibition can lead to marked divergences in the conversion values determined by different methods ( Table 2) .
When determining the conversion of C=C bonds in processes of the copolymerisation of dimethacrylates with styrene in the presence of TMHP, account must be taken of the fact that the catalysis of chain transfer proceeds by a scheme including a stage of double bond formation:
where R˙ represents macroradicals, M is the monomer, RTMHP is an adduct, HTMHP is a hydride, P(=) is the "dead"
T/47 polymer containing n monomer units and a newly formed C=C bond formed as a result of chain transfer catalysis, and HR is the hydrogenation product of the macroradical. Here, TMHP is not consumed during copolymerisation and is not introduced into the polymer chain.
When, at stage II, TMHP interacts with the end methacrylic radical, the newly formed double bond has the structure C=CH 2 [19] , and its absorption band is superimposed on the analytical band from which the conversion of methacrylic groups is determined. This can lead to underestimation of the spectroscopically determined conversion of the methacrylic groups by comparison with the true conversion. This seems to be why, in the case of a high EGDMA content (composition of the monomer blend 0.492:0.508), the total conversion of double bonds, determined by spectroscopy, is 10% lower than that determined by calorimetry.
When, at stage II, TMHP interacts with the styrene radical, the newly formed double bond has the structure -HC=CHPh [20] . The absorption bands of this bond do not overlap with the analytical bonds of styrene and introduce no error into the determination of the conversion of this monomer. This is confirmed by the fact that, in the case of excess styrene in the reaction mixture (composition of the monomer blend 0.333:0.667), the spectroscopy and calorimetry methods give similar values of the total conversion of double bonds ( Table 2) .
Note the marked difference in double bond conversions determined by the spectroscopy and calorimetry methods in a copolymer produced under conditions of "live" radical polymerisation in the presence of PB-TEMPO. It can be assumed that this difference is due to features of the dyad composition of the chains formed under conditions of "live" radical polymerisation, which, as noted above, are not taken into account when determining the conversion by the calorimetry method.
The introduction of an additional stage -catalytic chain transfer -during the copolymerisation of EGDMA with styrene leads to a marked increase in conversion of the methacrylic groups compared with normal copolymerisation ( in the presence of TMHP, a special topological structure of the network is formed, characterised by higher mobility of the suspended methacrylic groups. Since catalytic chain transfer leads to a reduction in the length of the polymer chains with a simultaneous increase in their total number, the network formed seems to have a more homogeneous structure consisting of short styrene-methacrylate chains (1) connected by oligomer chains (2) The high level of molecular mobility of such a segmented network is confirmed by the high conversion of the residual methacrylic groups that is achieved during hightemperature annealing. It must be pointed out that such an effect of TMHP on the limiting conversions of the double bonds is characteristic of 0.333:0.667 blends, whereas for 0.492:0.508 blends it is less pronounced. This is probably due to the higher chemical crosslink density in the latter case, and accordingly greater limitations of molecular mobility.
A characteristic feature of the copolymerisation of EGDMA with styrene in the presence of a "live" radical polymerisation agent is the lower level of conversion of methacrylic groups by comparison with normal copolymerisation ( This indicates that the copolymer formed in the presence of a "live" radical polymerisation agent consists of long sparsely crosslinked chains enriched with styrene units and contains a large number of unreacted suspended methacrylic groups (3):
The data obtained indicate that the use of chain transfer catalysts and "live" radical polymerisation agents may become an effective tool for the macromolecular design of crosslinked copolymers.
CONCLUSIONS
An IR spectroscopy method has been developed for determining the conversion of double bonds in processes of radical copolymerisation of oligodimethacrylates with styrene and the change in the residual non-saturation of crosslinked copolymers in processes of high-temperature annealing. In contrast to calorimetry, dilatometry, and densitometry, the spectroscopic method provides for separate determination of the conversion of double bonds of comonomers, which makes it an efficient tool for studying processes of controlled radical copolymerisation. The method developed can be used to study the copolymerisation of oligodimethacrylates with different vinyl monomers.
